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1. INTRODUCTION

Lightning flashes have been observed to be induced by large-rield
surface nuclear detonations in the Pacific. A paper by Uman et a1l
explored this phenomenon and attempted to explain the flashes as a
consequence of the nuclear radiation-induced electromagnetic pulse (EMP)
generated by the burst, with the Mike shot of Operation Ivy taken as a
specific example for this hypothesis. Uman's results were suggestive,
but fell short of the magnitude and duration required to fully justify
the hypothesis. Because the observed lightning flashes developed over a
period of several milliseconds and endured for about 75 ms, EMP electric
fields necessary to induce the lightning must also have a similar dur-
ation in order to sustain the current flow of the discharge. Uman
judged a vertical gradient of 100 kV/m to be necessary to induce the
strokes. The EMP electric fields wused by Uman were obtained by
Gilinsky2 for prompt gamma rays, attaining only 30-kV/m levels and
lasting only for microseconds because of the short duration of source
currents and because the associated air conductivity quickly shorts out
the residual fields.

Recent work by Scheibe and I.Qngmire3 considered secondary gamma rays
due to ground capture of thermalized neutrons from the burst as the
source of EMP source currents and 1ionization in the air for several
milliseconds after the burst. With Gilinsky,2 they used the radial
Compton electron current J. divided by the air conductivity o as an
estimate of the electric field strength. They pointed out that the
direction of the lightning strokes dictates an unexpected air chemistry
concerning the densities of ions and free electrons, possibly due to a
buildup of HNO3 in the air and consequent rapid attachment of free
electrons to HNO3. On this basis, they attempted to determine whether
the large electric fields necessary to produce lightning might have been
caused by an ion-dominated conductivity much smaller than for previous
electric field estimates using electron-dominated conductivitye. How-
ever, their analysis of the formation of HNO3 yielded concentrations low
enough to support an electron-dominated conductivity, and their pre-
dicted field values fell short of those necessary to produce the Mike
lightning strokes.

Iy, A. Uman, D. F. Seacord, G. H. Price, and E. T. Pierce, Lightning
Induced by Thermonuclear Detonations, J. Geophys. Res., 77 (1972), 159i
to 1596.

2y, Gilinsky, Kkompaneets Model for Radio Emission from a Nuclear
Explosion, Phys. Rev., 1374 (1965), A50 to ASS5.

3M. sheibe and C. Longmire, The Effect of Ionization-Induced Smog on
EMP Environments, Report MRC-N-362, Mission Research Corporation, Santa
Barbara, CA (February 1979).




The purpose of this report is to present a revised model of the EMP
which attains the necessary electric field magnitudes and fully justi=-
fies the hypothesis that the Mike lightning strokes were induced by
EMP., First, a more accurate expression for the electric field strength
will be derived. Second, an alternate interpretation of the air chemis-
try will be presented. Finally, the resultant electric field strengths
will be found to be up to an order of magnitude greater than previous
results.,

2., DEVELOPMENT OF MODEL

2.1 Derivation of Electric Field Strength Eguation

Secondary gamma rays due to ground capture of thermalized
neutrons have been proposed by Scheibe and Longmire3 as the source of
electric fields strong enough to induce lightning on a time scale of
milliseconds. An approximate semistatic solution to Maxwell's equations
will now be derived that is valid for this time regime after the nuclear
burst. In MKS units, Maxwell's curl equations in air may be written

oH 2
98 - o (1)
M 3t VxE
and
3B Ly xh -3 - oF (2)
€0 3t c !

where E and ﬁ are electric and magnetic intensities, respectively, Uy
and €, are permeability and permittivity of free space (47 x 107 H/m
and 8.85 x 10°'“ F/m), t is time in seconds, 3c is the driving Compton
current (A/mz), and 0 is the air conductivity (mho/m).

With assumptions of azimuthal symmetry*about the burst, vanishing
azimuthal component of the driving current J, and scalar air conductiv-
ity 0, we have in spherical coordinates centered at ground zero the
transverse magnetic (TM) or electric multipole equations:

(3)
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3M. Sheibe and C. Longmire, The Effect of Ionization-Induced Smog on
EMP Environments, Report MRC-N-362, Mission Research Corporation, Santa
Barbar:, CA (February 1979).
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At times greater than about 0.1 ms after the burst, the time deriva-
tive terms in equations (3) to (5) become small for fields within
several kilometers of the burst (since ct >> r). Rewriting (4) and
neglecting the time derivative gives

1 ] ) N
£ sin @ 36 (s1n 0 H¢) > Jr + GEr . (6)

To first order, the conduction current term E. in (6) may be neglected
since both ¢ and E,. become small at late times, so that approximately

1 ) : -
r sin § 36 (sn\ 6 H¢) > Jr . (7)

At a distance from the burst of more than a few gamma mean free paths,
the EMP sources are caused predominantly by multiply scattered gammas
instead of singly scattered gammas. For this reason, and since the
multiply scattered gammas originating from ground capture of neutrons
have lost most of their initial upward collimation, the radial Compton
current J_ becomes nearly independent of 6. With the approximation that
J.. is independent of O, integration of (7) from the vertical (6 = 0) to

r
the ground surface (6 = w/2) gives

/2 /2
0 d{sin 6 H¢) = rd, oSin 6 96
/2
. n/2
[s;n 8 H¢]O = rJ, [— cos 6]0

H¢(e = w/2) = x3_ .
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Rewriting (5) and neglecting the time derivative gives

Using expression

13
- — —— ~ + ¢ .
. e (r H_D) S I,

(8) for H¢ at the ground and assuming a form

Jr = J exp(~ r/A)/r?

(9)

(10)

for the radial current, where X is the effective attenuation length for

neutron captuare

or

gammas, we have

37; (r H«) ~ :—r [J exp(-r/1)]

r

= = J expl(~-x/A)/)

%— (r H,) = - 223 /% .
dr 5 r

Substitution of result (12) into equation (9) gives

For currveants
negative and J,
Jr' For r.>> S,
the approxima.-

tue Lo ground capture Sf thermalized neutrons, jr

(11}

is positive and of approximately the same moesnitude 3

J. may be omitted from (14) with little orror, viel

result for the theta electric Ffield ar the surface,
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The result, (15), is different by a factor r/A from the expression
Jp/u previously used.’’?  Result (15) also applies to secondary gamma
sources due to air capture of thermalized neutrons, extending to hun-
ireds of milliseconds after the burst, as well as for ground capture.

2.2 Discussion of Air Conductivity

Since an evaluation of the air conductivity ¢ is essential to
obtain the electric field component E; (vertical at the grnund), it is
necessary to consider in detail the relative contributions of free
=lectrons and ions. It has been pointed out that the circular shape of
the Mike lightning strokes, concentric to the burst point, implies an
unusual air chemistry at the stroke ranges. The following is presented
in review of previous theory. Since the time derivative in equation (3)
is virtually zero, we obtain

J aEr
S;(IEQ)=5—A_' {16)

The circular shape of the strokes requires Er << Eq, so that

a

>

%

7;(r Eﬂ):o . (17)

r £, > constant . (18)

Combining equations (15) and (18),

r2J

p = constant . (19)

For (19) to be true, the logarithmic derivative of 1/r with
respect to range r must (approximately) equal the logarithmic derivative
of Jr/o. The logarithmic derivative of 1/r? is

2y. Gilinsky, Kompaneets Model for Radio Emission from a Nuclear
Explosion, Fhys. Rev., 137A (1965), AS50 to A55.

M, Sheibe and C. Longmire, The Effect of Ionization-Induced Smoy on
EMP Environments, Report MRC-N-362, Mission Research Corporation, Sdanta
Barbara, CA (February 1979).




r2 %—r— (r-z) = - 2/r . (20)

The range dependence of J_ /o will now be considered. The late-time
electronic conductivity Og C€an be written

o, = e Sue/B ' (21)

where e is the electron magnitude of the charge, S is the ionization
rate in ion pairs/m3-s, g  is the free electron mobility in m2 /v-s,
and B is the free electron attachment rate in air (usually taken to be
about 108s-!).

The late~time ionic conductivity o, can be written
oy = euy (s/m)l/2, (22)
where u, is the average ionic mobility in mZ/V-s and y is the average

ion-ion recombination rate in m3/s.

To a good approximation, Jr is proportional to S and may bhe ~  ten

3]
[¥5]

J = - eRS/v , (
r

where R is the average forward range of the Compton electron in meters
and v is the average number of ion pairs created by the Compton elec-
tron. If electronic conductivity dominates,

J /o = = R8B8/u v , (24)
r' e e
while if ionic conductivity dominates,
Je/0f = ~ rsl/2 Yl/z/uiv . (25)

At first appearance, equation (24) does not appear to have any r-
dependence, so its logarithmic derivative would be zero in contradiction
of i20)., on the other hand, in (25) the ionization rate S has a range
depena=ince of the form of (10) since S « Jr’ or

10

"
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S(r) = exp(-r/A)/r? , (26)

so that
Jr/oi « 81/2 or exp(-r/2\)/r . (27)

The logarithmic derivative of (27) is

x/2h d_ <_e-r_/2k) -1 (1 + r-) 28
€ dr r r 2x/ (28)
The attenuation length A is about® 300 m. Using r = 900 m for one of

the Mike lightning strokes, the logarithmic derivative of Jr/oi becomes
-2.5/r, which is close to the desired value =-2/r (from equatidn (20)).
It would thus appear that the circular path of the Mike 1lightning
strokes demands that the air conductivity be dominated by ions rather
than free electronsvs

Having reviewed previous arguments, Scheibe and Longmire's conclu-
sion must be noted.3 They maintain that consideration of attachment of
free electrons to both molecular oxygen and the HNC: predicted to bhe
formed at the lightning stroke ranges nevertheless indicates that the
air conductivity 1is still dominated by free electrons rather than
ions. While other mechanisms have been proposed as potential means of
reducing the free electron density to the point where the ionic conduc-
tivity dominates (e.g., "hot" electron reactions with certain neutrail
molecules3), an alternate theory successfully based on dominant electron
conductivity would have immediate appeal. An attempt at such a theory
will now be set forth.

Equation (24) for electron-dominated conductivity contains param-
eters R and v, which are weakly dependent wupon range from the
burst; u , which depends upon the electric field strength; and the
attachment rate, {3, which is due to attachment to €. at all but very

“1

high radiation dose levels., According to Scheibn 1Ad Longmire, = the

‘M. Sheibe and C. longmire, The Fffect of Ionization-Induced Smoo .
EMP Environments, Report MRC=N-362, Mission Research Corporation, .. .ta
Barbara, CA (February i979).

“H. S. Schechter and M. 0. Cohen, Energy Deposition Rates and Zonpa
Electron Currents from Low-Altitude Bursts as a Functlion of Ssource
Energy, U.S. Army, Harry piaemond Laboratorics Report, HD=CR-77-0272-1,
Mathematicail Applications Group, Inc., Bimsford, NY (November i077),

Li




tucal dose is high enough at tie lightning stroxke canges o cause forma-
tion of HNDs; in the avy v su-h great numbers as o affect rhe  value
for £ at those ranges, since olecteons attach vary readlly to HNog.
They estimate the attachment rate (o {NGy w0 wuls of the attachmont
rate to O2 tw be 1 at 3.5 million rads (Mrad), 2 at 10 ™Mid, and 4 at
35 Mrid. They further csrimare a linear dependeice upon dose 4t dowe:
dose levels. This deperidence of  the toital atrdachment rate
2= BLHNOG) + A(O02 ) apon dose can be well approximated over tne orange
1.0 to 35 Mrd by

a2 ﬂ(o,)(m/a.s X 106)0‘4 . (29}

where 1(0,;) is the attachment rate to 0Oy and 0 is the dose in rads,
Since the Compton current J.{(r} is proportional tr the dose L(r),

2 « JS'4 ) (30)
so that from (21)
s = 3%f, (31)
e Y
and from (24)
Jr/oe « J3'4 . (32)

Thus, we see that for dose levels of 1.0 to 35 Mrd, the buildup of
HNO3 causes a range -dependence of the electron attachment rate and an
assoclated range dependence of Jr/oe . The logarithmic derivative of
the latter is

~-0.4 d 0.4 0.4 d
J - = -
x dr (Jr ) J dr (Jr)

r
(33
- - 2,1
(2 1),
which for r = 900 m and A = 300 m yields a value of -2.0/r. This value

matches exactly the desired value -2/r from equation (20). It is appar-
ent that circularity of lightning holts concentric to the burst point




can be understood in terms of an electron-dominated air coniuctivity, at
least for lose levels above roughly 1 Mrd.

The electric field dependence of the electron mobility also plays a
role in determining the circularity »f the lightning bolts. These vari-
ous effects will he gathered together t. predict the peak electric field
{(sect. 3).

3. PREDICTED ELECTRIC FIELD STRLNGTH

In order to predict the maximum vertical electric field strength at

“he Mike lightning bolt ranges, equation (15} is rewritten as

B, e (34)

and (271}, (22), air i (23} are used te
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received in the next several hundred milliseconds from secondary gamma
rays due to air capture of thermalized neutrons. A dose of 0.85 Mrd
leads to an attachment rate of B ~ 1.2 x 108 s~!, The ionization rate
S was estimated by Scheibe and Llongnire to about 6 x 1023 jion
pairs/m3-s, at a 500-m range and 10 ms after the Mike burst, due to
gamma radiation. Extrapolation to 900 m yields S = 5 x 1022 jon
pairs/m3-s.

Predicted electric field strengths and ratios of ionic conductivity
to electron conductivity are presented in table 1 for ranges of 500,
900, and 1300 m from the burst. Results are given both for unhydrated
ions (such that y = 2 x 10~12m3/s) and for hydrated ions (such that y =
8 x 10712m3/g).5 Although Scheibe and Longmire used the recombination
rate for unhydrated ions, this author prefers the rate for hydrated
ions, since extensive hydration can occur within a millisecond of the
burst.

TABLE 1. CALCULATED RESULTS AT 10 ms AFTER MIKE BURST FOR
UNHYDRATED AND HYDRATED IONS

Y Range Dose Ionization rate ) ~E. AN
(m?/s) (m) | (Mrads) | (ion pair/m3-s) (s™h (kV/m)
Unhydrated
2« 107 500 10. 6 x 1071t 3« 10" 174 PRNT
2 « 19744 900 0.85 5 « 1097 1.2 « 10" 93 0,58
2« T 1300 0.1 7 « 102! 1 < 108 73 1.13
Hy irated
8« 107 500 10. 6 x 107" 3 x 108 247 .34
8« 10712 300 0.85 5 x 1072 1.2 x 10° 128 0. 34
8 x 107!'7 1300 0,1 7 x 102!} 1« 107 114 0.72

5c. A. Blank, T. Baurer, M. H. Bortner, and A. A. Feryok, A Pocket
Manual of the Physical and Chemical Characteristics of the Earth's
Atmosphere, Defense Nuclear Agency Handbook, DNA 3467H, General Electric
Co., Philadelphia, PA (1 July 1974), 155.

14




Thus, we see that field strengths of the order of 100 kV/m are
predicted for the ranges of the Mike lightning bolts (900 to 1380 m) ,}
with somewhat stronger fields at closer ranges. The fields are not
strong enough to induce a general breakdown throughout the source
region, but, as was observed, are strong enough to trigger bolts fxom
instrumentation shelters made of conducting material. A 1/r range
dependence of Ey is necessary to explain the circular lightning bolts.
The values for E, have approximately a l/r range dependence from 500 to
900 m, with a somewhat weaker dependence out to 1300 m. In view of the
roughness of the calculation, the results seem in reasonable accord with
a 1/r range dependence for the ranges of the Mike lightning bolts. It
is possible that a more precise, calculation of Eq using better estimates
of Mgs 8, and Js would produce better agreement.

The air conductivity is dominated by electrons at ranges less than
roughly 1300 m and by ions at greater ranges, so that circular lightning
bolts should prevail in both regimes. The field strength at ranges much
greater than 1300 m appears to become too small to trigger lightning
bolts.

In the Scheibe and Longmire estimates of dose, elastic recoil ion-
ization by neutrons was omitted. If a normal neutron energy spectrum is
postulated, the dose increases® by about 200 percent at 500 m, about 100
percent at 900 m, and about 50 percent at 1300 m. These increased dose
values lead to electric field values of 253, 112, and 73 kV/m at 500,
900, and 1300 m for unhydrated ions, with electron and ion conductivi-
ties about equal at all three ranges. For hydrated ions, we obtain 390,
164, and 114 kV/m at these ranges, with electron conductivity slightly
greater than ionic conductivity at each range. Inclusion of elastic
recoil ionization tends to cause more exact conformance to a 1l/r range
dependence between 900 and 1300 me Inclusion may not be justified for
the Mike burst, however.

Use of equation (15) leads to predicted fields high enough (over
100 kV/m) to support an average free electron energy of about 1 eV. At
energies this high, free electrons may enter into reactions with neutral
molecules producing negative ions.3 This may happen fast enough to

M, A. Uman, D. F. Seccord, G. H. Price, and E. T. Pierce, Lightning
Induced by Thermonuclear Detonations, J. Geophys. Res., 77 (1972), 1591
to 1596.

3M. Sheibe and C. Longmire, The Effect of JIonization-Induced Smog on
EMP Environments, Report MRC-N-362, Mission Research Corporation, Santa
Barbara, CA (February 1979).

6S. Glasstone, editor., The Effects of Nuclear Weapons, U.S. Atomic
Energy Commission, U.S. Government Printing Office, Washington, DC
(April 1962), 582.




substantially reduce the free electron density. Evaluation of this
effect would require the use of equation (15) or its equivalent and the
appropriate reaction rates folded with a Druyvesteyn (not Maxwellian)
energy distribution of the "hot” electrons.

4. CONCLUSIONS

An EMP model has been proposed for the Mike sghot which predicts
vertical electric field strengths of about 100 kV/m, satisfying Uman's
criterion! for triggering observed lightning flashes, on a time scale of
milliseconds in conformance with the duration of the observed flashes.
Uman noted that the lightning flashes endured for about 7% ms. This can
be understood as an initial breakdown due to ground capture EMP sources
on a scale of a few milliseconds, sustained for about 0.0%5 to 0.1 s by
air capture EMP sources which, although somewhat weaker in intensity,
are longer lasting.

The model substantially accounts for the observed circularity of
the Mike lightning bolts in terms of an electron-dominated air conduc-
tivity in the presence of HNO3. The model does not rule out the possi-
bility, however, of free electron removal through "hot" electron reac-
tions with neutral air molecules, as suggested by Scheibe and Longmire.3

These results demonstrate that lightning flashes induced by large-
yield surface nuclear detonations can be understood as cbnsequences of
sustained radiation-induced EMP fields of about 100 kV/m,
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